Pseudomonas putida strain MnB1, a biofilm forming bacteria, was used as a model for the study of bacterial Mn oxidation in freshwater and soil environments. The oxidation of Mn +2 (aq) by P. putida was characterized by spatially and temporally resolving the oxidation state of Mn in the presence of a bacterial biofilm using scanning transmission x-ray microscopy (STXM) combined with near edge x-ray absorption fine structure (NEXAFS) spectroscopy at the Mn-L 2,3 absorption edges. Subsamples were collected from growth flasks containing 0.1 mM and 1 mM total Mn at 16, 24, 36 and 48 hours after inoculation. Immediately after collection, the unprocessed hydrated subsamples were imaged at 40 nm resolution. Manganese NEXAFS spectra were extracted from x-ray energy sequences of STXM images (stacks) and fit with linear 1 combinations of well characterized reference spectra to obtain quantitative relative abundances of Mn(II), Mn(III) and Mn(IV). Careful consideration was given to uncertainty in the normalization of the reference spectra, choice of reference compounds, and chemical changes due to radiation damage. The STXM results confirm that Mn +2 (aq) was removed from solution by P. putida and was concentrated as Mn(III) and Mn(IV) immediately adjacent to the bacterial cells. The Mn precipitates were completely enveloped by bacterial biofilm material. The distribution of Mn oxidation states was spatially heterogeneous within and between the clusters of bacterial cells. Scanning transmission x-ray microscopy is a promising tool to advance the study of hydrated interfaces between minerals and bacteria, particularly in cases where the structure of bacterial biofilms needs to be maintained.
INTRODUCTION
The chemistry of many aqueous environments is dictated by reactions that occur at the interface between the aqueous solution phase and the solid mineral and organic phases (43) . It is at this interface that microorganisms also accumulate (4, 14) . Microorganisms are known to form layered communities (biofilms) characterized by production of extracellular polymers, in which the physical and chemical conditions may differ greatly from the bulk solution. Within the biofilm setting microorganisms carry out dissolution and precipitation of minerals, exerting direct influence on the cycling of trace and contaminant metals alike (18, 51) .
In particular, the precipitation of manganese (Mn) in soils, sediments and water columns is primarily driven by microbial activity (11, 18, 33) . Although the oxidation of Mn +2 (aq) is thermodynamically favorable in the presence of dissolved oxygen, the homogeneous (reaction involving only solution phase reactants) kinetics of oxidation are slow (32) . Rates of Mn oxidation observed in natural waters are often too high to be attributed to homogeneous or surface mediated reactions (32) . Microbial processes are thought to control the precipitation and dissolution of Mn oxides in many natural systems, and Mn oxidizing microorganisms have been isolated from a great diversity of environments (46) .
Manganese oxide and oxyhydroxide minerals play an important role in the mobility and bioavailability of metals and organic compounds. It is therefore important to characterize the products of Mn oxidation to understand better biogeochemical cycles of elements such as carbon, iron, sulfur and arsenic (32) . Numerous laboratory studies have characterized Mn oxides as strong environmental oxidants influencing the speciation of redox sensitive metals and metalloids such as Cr (3) and As (41) , as well as the processing of natural organic material (24) .
Studies of natural Mn oxides have confirmed their important role in regulating the speciation of trace metals such as Zn, Ni, and Cu, in soils and sediments (23, 29) .
In this study, Pseudomonas putida strain MnB1 was investigated as a model Mn oxidizing bacteria to facilitate the study of Mn oxide chemistry in soil and freshwater settings.
P. putida strain MnB1 was isolated from Mn encrusted water pipes in Trier, Germany (46) . The
Mn-oxidizing factor expressed in P. putida GB-1, a bacteria with Mn oxidizing characteristics similar to strain MnB1, was identified as an outer membrane bound protein (cumA) in the multicopper oxidase family (9) . The mechanism by which P. putida transfers electrons from Mn(II)
to Mn(IV) is currently unknown. The presence of a Mn(III) species during Mn oxidation by
Bacillus SG-1 spores has been reported in a scanning transmission x-ray microscopy (STXM) study (35) , but was not detected using unfocused x-ray absorption near edge structure (XANES) spectroscopy (6) . Manganese oxidation by Bacillus SG-1 has also been studied in the presence of a strong Mn(III) complexing agent, these studies suggest that Mn oxidation by Bacillus SG-1 consists of two one electron transfers (45) . An understanding of the physical and chemical properties of the biogenic Mn oxide produced by P. putida is essential to careful studies of the environmental chemistry mediated by the Mn oxides. The present research is part of our on-going study of the properties of biogenic Mn oxides. In previous work, we characterized the structure and oxidation state of Mn with xray diffraction (XRD) and x-ray absorption spectroscopic analyses, respectively (50 Attempts to use cell protein content as a proxy for cell number was not successful due to the cultures resistance to lysis via multiple freeze-thaw cycles, SDS digestion and bead beating.
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Chemical Analyses. The amount of polysaccharides produced during growth was quantified with a colorimetric assay (13) . The cells were grown in Leptothrix medium as described above. Subsamples were obtained 12, 24, 36, 48 and 72 hours after inoculation.
Eleven milliliters of cell suspension were centrifuged (9400 RCF, 4 o C, 10 minutes) and resuspended in filter-sterilized MQ water three times. One milliliter of the rinsed cell suspension was digested in 2 mL of 10 M sulfuric acid at 120 o C for 30 minutes in a fume hood (13, 39) .
The digest was passed through a glass fiber filter and rinsed with boiling MQ water. Two milliliters of undiluted filtrate were placed in acid-washed screw top test tubes, followed by 0.05 mL of 80 % wt/wt phenol/MQ and 5 mL of concentrated sulfuric acid. The tubes were capped and mixed gently as the ensuing reaction is exothermic. The tubes were then placed in a 30 o C water bath for 10 minutes to allow the solution color to develop. The resulting sample solution was added to a disposable cuvette (1 cm path length) and the absorbance at 490 nm was recorded (Shimadzu UV-160 spectrophotometer). The reference beam for the samples was a sulfuric acid -phenol solution. Total glucose content of the digested polysaccharides was measured, and glucose standards were processed and analyzed with each set of samples.
Total dissolved Mn was measured by inductively-coupled plasma-atomic emission spectrometry (ICP-AES, IRIS Thermo Jarrell Ash). All samples analyzed by ICP-AES were passed through a microfilter (0.2 µm pore diameter, polyethersulfone) and acidified with 10 µL of concentrated hydrochloric acid. Scandium was used as an instrumental internal standard.
Calibration curves were constructed with gravimetrically-prepared plasma standards (VHG Labs, Manchester, NH). Linear least squares regressions were prepared from plots of the instrument response versus the standard concentrations. Cu +2 has a stronger affinity for Mn oxide surface sorption sites than Mn +2 , it displaces sorbed Mn +2 allowing the amount of sorbed Mn +2 to be calculated (49) . The Cu +2 may also replace Mn +2 from the bacterial cells and biofilm. minimize the x-ray absorption and reduce potential absorption artifacts from O 2 and N 2 . All reference compounds (except MnCl 2 ) were in powder form. The Mn standards were finely ground using an agate mortar. They were then suspended in MQ water, applied to a Si 3 N 4 window by micro-pipette and air-dried. Great care was taken to avoid saturation effects, such as those observed for spectra with optical densities above 2.
The STXM Technique. The soft x-ray spectromicroscopy measurements were performed on the same scanning transmission x-ray microscope at beamlines 7.0.1 and 11.0.2 of the Advanced Light Source at Lawrence Berkeley National Laboratory (26) . The STXM uses zone plate optics to focus a monochromatic x-ray beam onto a 40 nm full-width-at-half-maximum (FWHM) spot. The microscope energy was calibrated using the Mn-L 3 absorption fine structure of MnCl 2 . The sample is raster-scanned through the focused x-ray beam and the intensity of transmitted photons is detected to form a 2D image of the variation in photoelectric absorption signal through a column of material. A sequence of images, also referred to as a stack, is acquired at finely spaced incident monochromatic energy intervals in the Mn 2p region.
Typical image sequences were obtained with a 10 µm 2 field of view using a 70 nm 2 pixel size with 40 nm spatial resolution and 0.1 eV energy resolution. The image sequences were acquired in approximately 50 minutes each. The images in each sequence were aligned via a spatial cross correlation analysis using aXis2000 software (22) . The absorption spectra could then be extracted from any pixel or group of pixels of the stack.
When incident x-rays of intensity I 0 pass through a column of material they are attenuated to an intensity I given by the Lambert-Beer Law, I = I 0 e -µ(E) ρ t (Eqn. 1), where µ is the absorption coefficient (cm 2 g -1 ) and is a function of energy (E), ρ is the density of the element and t is the thickness of the sample (cm). As the sample thickness is not known, one can rewrite 
NEXAFS Spectroscopy at Mn L 2,3 Absorption Edges.
When an incident x-ray has an energy tuned at or above the binding energy of an inner shell electron, the electron can be completely removed from the atom and the absorption cross section makes a 'jump'. Near the absorption edge, the electron can be promoted to unoccupied molecular orbitals yielding near edge absorption fine structures (42) . The absorption structures can be used as 'fingerprints' of the available final states for every 3d n initial state, and to probe the 3d orbital electronic occupancy, i.e. oxidation state (1, 17 region was collected (at one energy) before and after the stack was recorded. These before and after images were then compared to one another, to check for sample damage during the stack collection. Although direct evidence of beam damage was not observed when collecting a stack on the biogenic Mn oxides samples, its potential impact was explored. For this purpose, the Mn oxides were exposed to x-rays for an extended period in the presence organic material (growth media). A well characterized Mn oxide, acid birnessite, was suspended in sterile Leptothrix medium or MQ water. The growth medium was chosen to provide a rich organic medium that closely resembled the experimental conditions. Three successive stacks were then recorded using parameters identical to the ones used to acquire stacks on the incubated microbial samples. ). This was accomplished by measuring the spectra far above the absorption edges at 690 eV, where photoelectric absorption gives rise to an unbound electron and the resulting spectrum does not depend on the probability of populating unoccupied 3d molecular orbitals. The reference spectra were normalized against the Mn atomic absorption computed using tabulated optical constants (21) . The tabulated optical constants provide the atomic absorption of 1 µg Mn cm -2 . The measured reference spectra were normalized to the computed atomic absorption value at both 675 eV and 690 eV to estimate the normalization uncertainty. 
RESULTS
Bacterial Growth and Mn Oxidation. P. putida cells, when grown in liquid medium, aggregate and produce a biofilm during the exponential and stationary phase of growth ( Figure   1C , 2A and 2B). The cells enter the stationary phase of growth 20 hrs after inoculation ( Figure   1A ). In the early stationary phase of growth the culture removed soluble Mn +2 (aq) from solution and a precipitate was observed ( Figures 1B, 2C and 2D ). The stringy rope features observed in the SEM images (Figure 2A and 2B) indicate the presence of a biofilm that has been desiccated during sample preparation (25) . The TEM results suggest that the Mn precipitate is closely associated with the cells and is composed of small, wafer shaped particles ( Figure 2D ).
However, the location of the biofilm relative to the bacterial cells and biogenic Mn oxide was not clearly resolved with either SEM or TEM.
The growth curve, presented in Figure 1A , exhibits substantial variability. This may be caused by the aggregation of the cells during the exponential phase of growth. Counting colonyforming units was not an ideal method for determining the cell concentration. Enumeration of bacteria by counting colony-forming units assumes that one colony on the agar plate was produced by one bacterium suspended in solution. Since the bacterial cells clump together, one colony is not equivalent to one bacterium in solution.
The extent of Mn oxidation was variable in flasks prepared and incubated identically. Radiation Damage. The results of the radiation damage experiment are presented in Figure 3 . The NEXAFS Mn-L edge spectrum extracted from the first stack on the acid birnessite (suspended in MQ water) was considered the baseline spectrum ( Figure 3A , Stack 1). Acid birnessite was chosen because it has a structure similar to the biogenic Mn oxide produced by P. putida, as determined by XRD, and the average oxidation number of Mn is known (50) . In MQ water, small spectral differences can be seen when comparing the first stack to the second and third, specifically a slight decrease in the Mn-L 3 peak intensity and a growing shoulder on the low energy side of the peak. The second and third stacks collected from the acid birnessite, suspended in organic growth medium, exhibited a clear degradation of the shape of the Mn-L 3 peak as well as a shift towards lower energy (i.e. lower valency) ( Figure 3B ). By comparing the first stacks collected on both acid birnessite suspended in MQ water and acid birnessite suspended in organic medium, a 5 % reduction in total Mn(IV) was estimated using the deconvolution routine. The radiation induced Mn reduction was incorporated into the error estimates for the calculated relative proportions of Mn(II), Mn(III) and Mn(IV). In practice, a short dwell time per pixel (0.5 ms), a reasonably big pixel size (70 nm 2 ) and a slightly defocused sample were used to record all of the image sequences in order to minimize the potential for radiation damage. 
Chemical and Spatial Distribution of Mn as Function of Time. Manganese oxidation
experiments in liquid growth medium were conducted at both 0.1 and 1 mM total initial Mn. A summary of the collected STXM images is presented in Figure 5 . The Mn L-edge NEXAFS spectra obtained from the encircled areas on the sample images are also presented along with linear best fits ( Figure 6 ).
The STXM images indicate that the cells aggregate during the exponential phase of growth, this timing agrees with the observed increases in production of biofilm ( Figure 1C ). (50) . The reference and test compounds acid birnessite, hausmannite and bixbyite are also consistent with those chosen for other studies of bacterially produced Mn oxides (6, 35) and are considered environmentally relevant forms of Mn (38, 44) .
An important issue to consider is the potential spectral differences between Mn L-edge spectra from different compounds that have the same Mn 3d-shell occupancy or Mn oxidation state. For the purposes of this analysis it was assumed that any differences between different Manganese(III) was also detected, with STXM, during Mn +2 (aq) oxidation by marine Bacillus sp. SG-1, where oxygen was supplied by diffusion and the initial Mn concentration was 10 mM (35) . The presence of Mn(III) in the Bacillus sp. SG-1 study was interpreted as evidence for a one-electron transfer mechanism. The mechanism by which bacterial proteins oxidize Mn is currently unknown. Two mechanisms have been proposed (46 (20) or is oxidized in a second step to Mn(IV). According to the second proposed mechanism, Mn(II) is oxidized directly to Mn(IV)
which forms a precipitate. The Mn(IV) precipitate then reacts with the excess solution phase Mn +2 (aq) to form Mn(III) in an abiotic reaction (6, 36 oxidation appears to be a microaerobic process in certain circumstances.
Although the Mn oxidation reaction in the 1 mM series did not proceed entirely to Mn(IV), from a bulk solution perspective this culture behaved as expected; the cells grew and filled the flask with dark brown precipitates at the appropriate time, and 48 hours after inoculation less than 10 % of the initial Mn +2 (aq) remained in solution. However, the NEXAFS spectroscopy measurements reveal that the oxidation process in this experiment was complex. It is important to note that in experiments identical to the 1 mM series presented here, complete oxidation of Mn to Mn(IV) was observed. Variability in the extent of Mn oxidation in flasks prepared and incubated identically was observed in the bulk solution and at the nano to micrometer scale. We speculate that the observed variability may result from differences in the 23 rate and extent of cell aggregation during incubation and cell growth. The physical and chemical conditions in each flask are the same, however, as the growth curve presented in Figure 1 suggests, there is considerable variability in the extent of aggregation. +1.50 (46) , Mn(III)-EDTA (aq) +0.823 (19) and Mn(III)-porphyrin (aq) range from -0.37 to +0.01 (8) . The presence of Mn(III) in these experiments and its potential role in environmental chemistry is even more compelling when the dynamic redox cycling of Mn in natural waters and sediments is considered (48) . In these experiments, Mn(III) is an intermediate species; however, its presence further supports the hypothesis that Mn(III) may be a significant environmental species especially in regions of active Mn cycling. As a microscopic and spectroscopic technique, STXM was uniquely suited for this study of metal-microbe interactions. The application of STXM to future studies of microbe-metal-mineral interactions, particularly in the case of redox active metals and metalloids such as Fe, Cr, and As, has great potential to yield important insights into geomicrobiological processes. 
CONCLUSIONS

